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ABSTRACT.

An investigation was undertaken fo evaluate mechanical and metallurgical
properties of 3/4=in thick airmelted I18Ni-7Co-5Mo alloy plate and of welds
deposited in the alloy. Plates from three heats were inciuded in the study.
Welds were made under & wide range of conditions and with a variety of iiiler

wire compositions.

The evaluations included determinations of the effects of aging heat treatment
on the mechanical properties of weids and plate. Uniaxial tensile, plane
strain fracture toughness (employing partial thickness crack specimens), hard-
ness, and sustained load properties were studied. The development of a sub-

size plane strein fracture toughness specimen was also undertaken.

Metallurgical investigations included the use of novel electron fractographic
methods. Such methods supplemented with electron diffraction and x=ray

microprobe analysis techniques were employed for phase identification.

The principal results of this investigation may be summarized as follows:
. Significant differences in the tensile and fracture toughness properties
of the three airmelted |8Ni~7Co-5Mo plate heats were observed despite

simi lar chemical compositions.

2. A small partial thickness crack specimen was developed which produced
fracture toughness results agreeing closely with results obtained from

more conventional larger specimens.

3. Tensile efficiency of weld joints generally exceeded 90 per cent after

most aging treatments and approached 100 per cent after some.
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Welds exhibited inferior fracture toughness properties compared to plate.
Fracture toughness was found to be relatively independent of welding

procedure, gross chemical composition, and post weld heat treatment.

Titanium nitride was identified as a2 prevalent constituent on the fracture
surfacos of weldmetal. The phase was found to be present in the form of
semi ~continuous networks. This phase appears to be the cause of degraded
weldmetal toughness and the occasional occurrence of poor heat-affected
zone toughness, Ti?ahium nitride was also found to be prevalent in plate,

however, not in the form of semi-~continuous networks.

Pnc‘l'ical wtltﬂng problem were encountered in applymg laboratory welding

procoduru to'-"prﬂducﬂm prototype conditions.

Radioﬁg’iﬁbm‘dﬁi@éi@flon;‘.éf,welds does not appear to be capable of detect-
ing demaging crack-like defects.

Piate and welds both exhibited some siow crack growth susceptibility
when sub jected to sustained loads in various liquid environments,

However, welds appear to be far more susceptible.

The results of this investigation demonstrate that severa! probiem areas

must be subjected to further study.
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INTRODUCT IO

This program was conducted under the sponsorship of NASA, Space
Vehicle Research and Technology. The purpose was to evaluate the
properties of airmelted I8Ni-7Co-5Mo maraging steel plate and welds,
and to investigate the associated processing techniques for potential
appljcafion to space launch vehicle construction. Welding was
performed both by Douglas Aircraft Co., and Newport News Ship-

bui lding and Dry Dock Co., (acting as a subcontractor)to determine

the reproducibility of welding procedures.

During the last two years, Douglas Aircraft Co. has been active in
company sponsored research and development programs to evaluate 3/4-

inch thick girmelfed I8Ni-7Co-5Mo plate. The programs were under-

_taken to defermine the properties and fabricability of the alloy,

;,indl76,défln'ipofen+ial problems areas.

'Undafjjhé éﬁfreh? NASA contract, 3/4-inch thick plate from two new

heats of airmeited 18Ni-7Co-5Mo stee! was evaluated and the results

related to those previously obtained.

' ;?lncluhéd‘in‘+hé present program were evaluations of the effects of

agfné,freé?men? on uniaxial tensile properties and fracture tough-
Qessfdf bofh plate and welds. Welds were deposited in plate from
one of the two ﬁew ﬁeafs using the inert-gas shielded metal arc
technique, using filler vwire selected during the earlier company-
sponsored program. Sustained-load behavior of plate and weldments

exposed to various environments was also investigated.

Fracture ftoughness results generated using subsize partial thickness
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crack (PTC) specimens were compared to those obtained with large PTC
specimens. The results demonstrated the suitability of the subsize

specimen.

Metallurgical evaluations were undertaken employing novel electron
tractographic techniques. These studies resulted in the tentative
identification of titanium nitride as the cause of inferior weld-

metal fracture toughness.

The first progress report (Ref. 23) presented data on Heat | and
preliminary data on Heat A. Included in the report was information
on qhemistry; me+alIographic inspection, dimensional and soundness
: eka@jngtion; ;ﬁfaxia| tensile prcperties, fracture toughness and

plaﬁé#sfrain'fdughness characteristics.

'Prbg}ess Report No. 2 (Reference 24 ) presented the remainder of the
deta on Heat A, preliminary data on Heat B, and initial inspection
results on the weld wire. Information on Heat A included examina-
tion of fracture surfaces of the 24" x 3" x 3/4" partial thickness
crack (PTC) coupons by use of the electron microscope. Heat B
results included data on uniaxial tensile properties, fracture

toughness, chemical anaiysis and metalliographic examination.

This final report includes the data presented previously in Progress
Reports | and 2 and presents all new data, a substantial portion of

which pertains to weld evaluations.

The results of this study indicate that severa! problem areas
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require further study. Among the more important are those related

‘to: a) banding and the prevalence of titanium nitride inclusions in

plate, b) the effects of titanium nitride inclusions in weidmetal,
¢) control and reproducibility of the aging response of plate with
respect to strength and fracture toughness and, d) environmental

influence on fracture, especially with respect to welds.




2.

2.1

EYALUATION OF PLATE PROPERTIES

Data are presented in this section describing the mechanical pro-
perties of plate from three different heats of 18Ni~7Co=-5Mo alloy
steel. Tensile, fracture toughness, hardness, and plate quality
properfie§ are described. Effects of aging treatment and specimen
orientation (with fespect to rolling direction) are comprehensively

treated.

Plate Properties

Plate from three different heats of air melted I18Ni-7Co-5Mo steel
was -evaiuated. The three heats were produced by U.S. Steel Corp-
oration by electric furnace, air melting techniques. They are

referred to throughout this report as Heats |, A, and B.

Heat | plate was part of 2 twenty-two ton melt donated by U.S. St- i
Corporation for a previous company sponsored program (References 5
and 6). Two plates, approximately 240-in. x 10-in. x 3/4-in. were

useu in this evaluation.

Heat A maiéfial was received as one air meited plate approximately

84-in,‘x‘66-in.-x 3/4-in,

Heat B mn?ériaI was procured in accordance with Douglas' tentative
specification DMS 1835 (Appendix |). The material was received in
the formyof two air melted plates, hereafter designated plates |
and 2. One plate was 348~in. x 120~in. x 3/4-in. and the other was
300-in. x 120=in. x 3/4-in.



2.2

2.3

Plate Properties (Cont'd.)

Table | presents the chemical compositions of the three heats,

Heat | chemistry was determined by the supplier and the chemistries
of Heats A and B were determined by the supplier, Dougias and
Neuborf News. The analyses conform quite closely to the requirements
in Appendix |, The titanium contents were purposely selected for

Heats A and B to bracket the nominal range for thel8Ni-7Co-5Mo

"alloy. Heaf I contains the nominal amount (0.46), Heat A is near

the lower limit (0.40) and Heat B is near the upper limit (0.55).
Also in Heat B the cobait and molybdenum are at the upper limits

and aluminum is slightly higher than DMS 1583 specifies.

Elate lnspaction Procedures

The plates were received from the mill at Newport News Shipbuilding
and Dry Dock»Cé.vﬁrapped in rust inhibiting paper. All plates were
visually inspected and’any defects such as pits and inclusions were
recorded. The plates were then ultrasonically inspected for thick-
ness uniformity and soundness. Pulse-echo techniques were employed
for test of soundness using full saturation back reflection and a

rejection criteria of 10 percent loss of back refiection. Inspec-

tion points were located on @ six inch grid intersect.

Blate Layout

Figure | through 5 schemetically illustrate the plate layouts and
specimen coding used in this program. Plasma arc cutting and
abrasive sawing were used to rough cut the specimen blanks prior

to finish machining. Liberal allowances were provided to permit
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2.3

2.4

Plate Lavoyt (Cont'd.)

the removal of all material affected by the heat of plasma arc

cutting.
Test Speci I | Testi

Uniaxial tensile data for parent plate were obtained for the three
heats using standard ASTM 0.505-in. diameter specimens illustrated
in Figure 6. Fracture toughness evaluations on Heat |, parent plate
and weldments, were conducted using 48-in. x 4-in. x 3/4~in. partial
thickness crack (PTC) specimens shown in Figure 7. Heat A parent
plate fracture toughness properties were investigated by using the
24=-in. x 3=in x 3/4-in, PTC specimens, Figure 8, Heat B parent
plate and weldment fracture toughness evaluation also employed the
use of the 24-in PTC as wel! as a siab-type 8-in, PTC coupon

Figure 9. Uniaxial tensile data on weldments were obtained with
0.505=in. diameter specimens for across-the-joint tests Subsize
0.250-in., diameter specimens, (Figure 10) were used for all-weid-
metal tensile evaluation described in later sections. Sustained

toad evaluations employed the 24-in and the 8-in PTC coupons.

Load fafes were maintained at approximately 100,000 PSI per minute
for bofﬁ tensile and fracture toughness testing. All tests that

were condqc?ed in the ambient atmosphere were accomplished at
tempern*ures -arging from 70 to 80°F, and with relative humidity from

about 25 to 65%..
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HEAT “A" PLATE LAYOUT
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2.5

2.6

All aging heat treatments were performed on as-machined specihens
taken from the as-received, mill-annealed, plate. The mill anneal
was performed at 1500°F for | hour foliowed by air cooling. All
specimens weré subsequently aged at temperatures ranging from 875
to 1000%F in convective air furnaces. Specimens were batch loaded,
when possible, info 3 hot furnace which had been previously heated
to the desired aging temperature. Thé specimens were then allowed
to come to thermal equilibrium with the furnace before the nominal
aging period was started. Temperature was monitored by means of
independent fhermocouples located at different positions within the

furnace, and by thermocouples located on the test parts.

The attainment of thermal equilibrium fook from 30 to 45 minutes for

0.250 anqwo.Sdﬁfinch diameter round bar and 8-inch PTC specimens.
Approximately | 1/2 hours was required for the 3/4" thick fracture

toughness specimens. Once thermal equilibrium was achieved, temper-

afurevcpnfrol was maintained to within ¢_7°F. The aging times

reported are those recorded subsequent to the atfainment of thermal

equilibrium, All specimens were cooled to room temperature in

ambient still air following the aging heat treatment.
ial-Thi s Cra

Partial thickness cracks were induced in the fracture toughness
specimens by means of a flexural fatigue procedure similar to that
described in Douglas Laboratory Procedure, DLP 13.822 presented in

Appendix 111, The DLP presents the procedure used for sheet material,




2.6

2.7

2.7.1

E l.: !E l- I.Ilnl ' s . !

rather than plate. However, the general procedures are identical

for plate, except that the fixtures are more massive.

Approximetely 5,000 to 10,000 cycles were required to initiate a
visible crack, and up to 50,000 cycles were needed to achieve the
desired crack size. Flexure was performed at maximum fiber stresses

ranging from 120,000 to 160,000 psi (flexed in aged condition).
Resul] | Di .

Dimensional. Seund ang Hard | "
Ultrasonic inspection failed to indicate any d-fect~ which could be

rejected based upon DMS 1835, in either Heat |, A or B Plate.

’Fﬁickébﬁsffransverse\dafa are tabulated in Tables |1 thru VI. The

fb}e%iﬁéés'for’Héaf | plates exceed the maximum specitied in AMS 2252
(plus 0.044, minus 0,010-in.) ranging between 0.750-in. plus 0.059,

minus zero for plate | and plus 0.088, minus zero for plate 2.

Heat A plate thickness ranges between 0,750-in. plus 0.044, minus

‘ i Zero, ‘Ihé latter bordered on the upper limits of AMS 2252 require-

ments, Heaf B plate thickness ranged between 0.750-in. plus 0.150,

minus zero. However, the excessive thickness was located in one

~ region only, and the rest of the points were nominally 0.750-in

plus 0.050~in, minus zero. Because of the experimental nature of
this program the material was accepted. However, under other con-
ditions the heat might have been rejected because the plate thick-

ness tolerances exceeded the limits of AMS 2252.

19



TABLE 11
ULTRASONIC THICKNESS TRAVERSE FOR HEAT-1, PLATE 1

r - I“ 108 -
N .765 .768 .TT5 .770 .T75. 778 .780 .780 .785 .785 .785 .785 .TT3 .T75 .T7T7 .T70 .780 .780 .T76
T TT5 .7T73 .775 .780 .783 .780 .780 .780 .790 .787 .785 .786 .780 .783 .T78 .7T75 .780 .780 .T70
-T68 .T75 .780 .T78 .783 .783 .783 .783 .790 .793 .787 .785 .7B5 .786 .780 .T75 .782 .785 .TT5

.768 .TT3 .783 .780 .780 .780 .783 .783 .787 .787 .790 .786 .783 .782 .780 .TTT .786 .783 .767

.T65 .TT0 .TT0 .775 .7T78 .785 .780 .783 .790 .TBT .787 .787 .T85 .T85 .780 .TTT .783 .T80 .765

-768 .TT5 .TT8 .780 .783 .783 .785 .785 .790 .793 .792 .T88 .787 .786 .785 .780 .783 .782 .TT5

.TT0 .TT0 .T80 .783 .783 .783 .788 .785 .793 .T94 .T90 .T92 .T6T -785'-783 .783 .784 .783 .TTO

-T70 .T75 .775 .780 .780 .780 .783 .783 .790, .793 .T90 .79% .T90 .785 .785 .780 .785 .783 .7TT3

TS .TT0 .775 .780 .783 .785 .783 .788 .783 .786 .792 .786 .78B4 .705 .792 .788 .787 .784 .TTh

.780 .780 .788 .T90 .793 .793 .800 .800 .796 .T90 .T95 .T93 .T92 .800 .T95 .790 .786 .784 .7TT1

778 .780 .785 .785 .790 .T93 .795 .800 .792 .T89 .790 .786 .T88 .T97 .790 .787 .78T .87 .T70

T75 .T83 .780 .785 .T90 .T90 .T95 .T95 .T90 .78T7 .792 .788 .786 .T95 .T93 .T9R2 .785 .782 .TT0

.TT5 .780 .783 .785 .788 .795 .795 .798 .800 .805 .798 .82 .800 .797 .T95 .793 .786 .783 .T73

.T75 .T80 .783 .783 .785 .788 .790 .790 .809 .806 .800 .804 .805 .798 .T9T .793 .788 .85 .TT2

-T73 .T78 .T78 .780 .788 .790 .790 .790 .807 .806 .804 .807 .803 .798 .T797 .T95 .78T7 .785 .77T5

.75 .780 .783 .788 .788 .793 .795 .T793 .806 .808 .807 .805 .803 .800 .797 .T95 .78T7 .T8T .T75

-T73 .780 .780 .783 .785 .788 .793 .790 .805 .803 .800 .800 .803 .798 .793 .793 .795 .T88 .T80

.TT2 .T75 .780 .784% .T90 .788 .793 .79% .803 .802 .80< .80% .802 .T9YT .795 .790 .788 .7T86 .T76

76T .TT5 .780 .784 .787 .790 .791 .795 .800 .803 .800 .804 .800 .800 .T93 .790 .787 .86 .7T5

.T66 .TT5 .782 .786 .786 .T91 .790 .793 .800 .800 .803 .803 .800 .800 .800 .T90 .TBT .784 .7TT2

ohon | -T68 .TT8 .780 .783 .785 .788 .T94 .91 .805 .B05 .803 .803 .803 .800 .797 .T92 .786 .TT8 .763
.T66 .780 .780 .785 .T67 .76T .T90 .T92 .805 .805 .803 .805 .803 .800 .796 .793 .785 .782 .766

766 .TTT .T73 .84 .785 .786 .T92 .T92 .803 .805 .803 .802 .800 .800 .795 .795 .782 .782 .7T4

.783 .78T7 .T90 .793 .795 .T93 .T93 .800 .795 .796 .800 .797 .792 .788 .T86 .785 .780 .T80 .7TT0

.780 .788 .793 .795 .780 .793 .795 .793 .800 .800 .795 .795 .798 .T87 .T91 .T85 .783 .780 .TT0

.780 .788 .786 .792 .793 .T90 .T9% .T93 .793 .793 .T97 .780 .T90 .785 .790 .782 .TT5 .TT5 .760

.780 .785 .T90 .793 .800 .793 .795 .795 .800 .T96 .T95 .T9% .T95 .T92 .TB8 .783 .785 .780 .TTO

TTT 785 .791 .790 .793 .T93 .791 .800 .795 .80S .800 .787 .794 .785 .782 .787 .787 .786 .T75

785 .T90 .793 .T95 .795 .T95 -T9T .797 .800 .800 .795 .787 .85 .T90 .T90 .783 .780 .783 .770

.85 .T90 .T93 .T94 .T9T .T95 .T96 .T95 .B00 .795 .798 .791 .790 .T87 .786 .785 .783 .780 .765

785 .78T .T93 .793 .T93 .795 .T9T .796 .792 .800 .T9k .792 .T95 .793 .T85 .786 .785 .780 .770

.78 .793 .798 .795 .795 .T99 .T95 .T9T .790 .T95 .T97 .T91 .T93 .T90 .785 .785 .785 .782 .TT5

.785 .T93 .798 .795 .795 .795 .795 .805 .789 .T95 .7T92 .T90 .T93 .790 .78% .783 .780 .7B0 .765

780 .783 .790 .795 .797 .803 .805 .805 .800 .795 .800 .793 .800 .T798 .803 .T93 .785 .780 .TT5

.780 .790 .790 .793 .795 .795 .T9T .798 .802 .80k .795 .795 .795 .T93 .792 .788 .780 .775 .T70

780 .T85 .787 .790 .793 .793 .T93 .795. T96 .T99 .TO4 .T9% .794 .792 .T92 .786 .TTT .T75 .TT0

.78 787 .790 .793 .795 .797 .798 .798 .796 .798 .798 .792 .793 .789 .T91 .T90 .780 .775 .780

783 .T90 .T90 .T93 .T95 .793 .T98 .800 .797 .793 .800 .796 .T9T .793 .795 .790 .782 .780 .780

.780 .787 .790 .T97 .795 .800 .800 .800 .804 .795 .795 .797 .792 .T88 .795 .T96 .T780 .780 .TT5

| .765 .TTT .780 .87 .T92 .800 .800 .800 .795 .T95 .790 .T90 .T82 .780 .T90 .790 .T86




TABLE

ULTRASONIC THICKNESS TRAVERSE FOR HEAT 1 - PLATE 2
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.823
.823
.825
.828
.828
.825
.828
.830
825
825 .
.810
.813
.808
.808
.805
.800
-795
-793
.788
-TT5
.T78
.T70
.780
-T90
-T95

.803 .
.95 .
.810 .
.810 .
815 .
.818 .
.818 .
813 .
.813 .
815
.813
.815
.815
.815
.823
.815
.820
.823
1820
.820
.818
.805
.805
.803 .
.803 .

.810
.813
.815
.815
.815
.815

.818
.820
.828
.825
.825
.823
.823
.828
.818
.810
.808
.805

.803
.795
.T93
.790
.788
.783
.T78
.73
.78
.788

g4

.813
.813
.810
.810
.815
.815
.813
.810
.815
.818
.815
.810
.805
.803

795 .
.800 .
795 .
790 .
.788
.783
.783 .
STT5
.TT0
.TT8
.785%
2793 .

1
33383888

785 .
785 .

.T73
-TT0
-TT5
.785
.T90

.803
.805

.813
.815
.815
.815
.815
.818
.818

818 .

.818
.818
815
.820

.823

.80
.820
.825
.823
.820
.820

.803

(85
.780
.85
-T95
.805

795
-T95

.803
.805

.810
.805
.805

.810
.805
.810

.813
.810
.810 .
.810
.818
.815
.810
.813 .
.810 .
-T95
.T93

EER:

785
.85
783
-T73
.T73
.TT8
-790
.T95

.780
.785
.788
.805 .
-T93
-T95
.805 .
-T95
193
-195
-T95
.810 .
-T95
795
.803
.803
.803

.800
.803
.805
795
.788
785
.780
.780
TS
.T78
.T75
LTT5
.T70
TT3
.T65
768
768
TS

.783
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. TABLE IV
ULTRASONIC THICKEESS TRAVERSE FOR HEAT-A PLATE

~ ™ -
—%.;— .78 .780 .765 176 . JTTS .780 .82 .82 .T80
— .780 .78 .780 .783 .78 .786 .78k .78 T8

.785 .788 763 .784 .784 . 786 . 786 . 784 . 784

.788 .785 785 .782 . 784 .786 .788 .T86 790

.786 .789 785 - .786 . 786 .790 790 .T88 .88

. 788 .T9h4 . 789 . 7688 . 784 .7682 .786 .T90 .788 @

790 .T90 . 786 786 .780 . 786 . 790 . T90 -T92 P

.790 192 . 788 .786 .788 .788 .788 . 790 .790

192 .T790 .90 .786 .788 .790 . 788 .788 .788

<790 .790 .788 .788 .786 .788 . 790 .786 . 786

.788 - 790 +790 .T90 .788 .788 - 786 - 786 - 786

.790 .790 .786 .786 .786 . 786 .786 . 784 .784%

.788 .785 - .84 .786 .78% .78 . 784 .782 . 784

22
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L R L

.780

.770
.773

.745
.770
.157

.782
.780
73
.770
.774

.785
.783
.785
.788
.784
.785

. ‘-.l&&;.

1.786
.786

L] 785

9
)

791

g 8o

gy S
& %

VT s b9 LV PR SR WA 10 8, ;A P b
. .

L]

~
[02]
O

787,786

~719Q. 791

- .,788 .795

.783 790

177,783
.785 .782
.780 .782
.784 .787

.785 .788
.787 .790

.787 .790
.790 .790
.787 .786
.788 .790
.787 .791
.790 .792

.787 .790
.786 .790
787 .793
.787 .793
.785 .790
.790 .793
.793 .796
.788 .79l
790 .791

.789  .793
.790 .794
.787 .792
.790 .793
L7910 .793
LI91 .795
791 .792
.792  .795

.778  .797
791 .787
192 .795

91 .794
.790 .792
.790 .793
.790 .792

.787 .793
.790 .790

.790 .785
.794 ,788
.785 .793
.786 .791

.789  .795
.787 .788
.788 .789
790 .775

L Y

.785 .790 .790 .795 .793
.785 .783 .795 .794 .795
793 .794 .796 .797 .795

793,793 .794 794,798

792 794 795 .796 .797
791 793,794 .795 .795

.788 .793 .795 .793 .785

775,793,794 .794 .793
787,795 .795 .794 .794

.797 .798 .798 .795 .794
.800 .,798 .805 .,795 .795
.795 .795 .798 ,796 .795
.800 .795 .798 .795 .794
.795 .798 .798 .795 .795
.795 795 .797 ,797 .797
.795 .796 .796 .794 .795
.797 797 .796 .,795 .795

797 795 .795 .795 .795
.798 .798 .798 .797 .796
.800 .797 .800 .795 .796
.798 .798 .793 .795 .793
797 .797 L7901 797 .792

.798 .799 .796 .798 ,797
798 .796 .791 ,798 .79l
.799 .799 .800 .80 .792

788

.788

7%
.770

772

790 .

.787
793
.789
.775

793

LI73

772

794
.792
L163

A3 .

.783
.793
L7914

TABLF vV - HEAT B PIATF, PLATE NO. |
ULTRASONIC THICKNESS TRAVERSE DATA

.789
.787
789




| £4
®
®
®

< 120" >

6' |«7183 .78 .785 .786 .790 .79/ .795 .797 .797 .796 .800 .800 .,793 .794 .792 .793> .793 .793 .78%
f—_ .785 .786 .786 .790 .,790 .793 .795 .797 .799 .797 .797 .800 .,796 .796 .793 .794 .7%3 .792 793
.784 ,788 .788 .791 .792 .795 .796 .797 .795 .796 .797 .800 .800 797 .797 .797 .797 .796 .787?
.786 .786 .789 .790 .791 .795 .790 .795 .797 .79% .8OC .800 .795 ,797 .796 .797 .796 .796 .793;
.785 .784 ,788 .790 .79l .792 .79 .796 .799 .799 .797 .800 .800 ,797 .795 .795 .795 .7%4 .787:
| .786 .785 .787 .790 .791 .795 .796 .798 .800 .800 .797 .800 .800 .797 .795 .798 .797 .793 .787
‘ .786 .786 .78% .790 .79 .793 .797 .798 .300 .800 .798 .798 ,797 .797 .796 .795 .794 .78& .800
.785 .787 .787 .790 .791 .784 .800 .800 .800 ,80O ,798 .798 .797 .798 .797 .797 .77 .79Z .795i
.778 .,785 .788 ..790 .793 .793 .800 .800 .797 .8Ol ,798 .798 .798 .797 .797 .797 .790 .7%2 .790
.783 .786 .787 .789 .792 .794 .797 .799 .80l .8Ol .BOO .797 .798 .797 .796 .794 .795 .794 797
.787 .790 .791 .791 .792 .795 .799 .797 .798 .8O3 .797 .798 .,798% .799 .797 .795 .793 .79 L7921
.787 .789 .790 .791 .793 .795 .800 .800 .796 .800 .798 .800 .800 .797 .796 .795 .795 .795 .794?
.787 .790 .790 .791 .793 .795 .798 .799 .799 .799 .797 .798 .,797 .798 .796 .796 .795 .792 .797§
.789 .789 ,790 .794 .794 .797 .799 .800 .786 .80 .797 .798 .800 .798 .799 .797 .796 .794 .7&7§
.789  .790 .793 .795 .796 .800 .800 .80l .795 .802 .792 .797 .794 .796 .796 .794 .795 .794 .792§
.783  .791 .792 .794 .795 .799 .800 .800 .801 .801 .790 .797 .799 .799 .797 .795 .793 .79% .794%
.787 ,790 .792 .792 .793 .797 .799 .797 .800 .80l .797 .796 .798 .797 .797 .795 .793 .794 .794
.786 .791 .790 .79l .794 .797 .79¢ .800 .800 .803 .,800 ,800 .800 .798 .799 .797 .797 .795 .794
L.786 .794 .792 .794 .795 .800 .800 .80I .801 .801 .802 .800 .800 .800 .795 .793 .797 .794 .787
L784 ,785 .791 .793 .795 .797 .800 .800 .80/ .80l ,797 .797 .798 .798 .799 .797 .796 .796 .783
L787 .79 .791 .792 .795 .800 .798 .798 .80f .800 .800 .798 .799 .799 .798 .798 .795 .795 .790
L784 ,790 .793 795 .795 .788 .800 .800 .801 .799 .789 .802 .799 .799 .798 .798 .798 .795 .790
L786 .790 .793 .794 .795 .796 .800 .800 .801 .800 .,800 .800 .799 .799 .798 .797 .796 .796 .792
L784 ,788 .790 .792 .796 .797 .799 .800 .,798 .800 .805 .803 .800 .800 .79l .798 .798 .797 .792
300" 787 .787 .,793 .792 .793 .795 .795 .797 .794 .800 .,800 .802 .802 .802 .800 .800 .800 .800 .793
788 .790 .790 ,792 .793 .794 .795 .797 .798 .799 .803 .803 .805 .802 .802 .80l .800 .800 .794
790 .790 .790 .791 .793 .797 .800 .798 .80I .800 .802 .805 .803 .80%* .803 .,801 .800 .800 .795;
[785 .783 .790 .790 .793 .795 .799 .797 .798 .80| .799 .801 ,799 .795 .800 .801 .800 .800 .79&7
785 .783 .790 .791 .793 .795 .799 .798 .797 .800 .80! .805 .803 .801 .802 .800 .80! .800 .797
785 .791 .790 .791 .795 .795 .796 .796 .800 .790 .796 .796 .802 .804 .802 .802 .80I .798 .798
L 784,785 .790 .790 .,793 .795 .795 .796 .799 .799 .799 .800 .798 .799 .799 .800 .797 .797 .796
L782 .,779 .788 .790 .790 .794 .798 .795 .796 .800 .798 .797 .,798 .798 .799 .796 .797 .797 .7%4
L7810 .782 .790 .790 .791 .794 .794 .795 .795 .796 .798 .800 .798 .798 .797 .796 .796 .797 .796

L785 ,780 .784 790 .795 .795 .796 .796 .796 .796 .800 .798 .802 .799 .798 .796 .795 .796 .794
L785 .786 .787 .790 .793 .792 .795 .796 .796 .797 .798 .799 .800 .,798 .797 .795 .795 .796 .794
1784 .784 .789 ,790 .791 .791 .793 .793 .796 .791 .799 .798 .798 .798 .798 .797 .796 .797 .795
L785 .780 .788 .790 .790 .791 .796 .796 .800 .800 .798 .797 .798 .798 .,798 .797 .7°7 .797 .794
L784 779 .783 .788 .791 .793 .794 ,795 .795 .797 .800 .797 ‘.797 .800 .798 .797 .,797 .796 .794
L785 .785 .785 .785 .785 .791 .795 .794 .796 .796 .798 .797 .798 .798 .,798 .797 .797 .797 .780
L.785 .786 .784 .783 .791 .793 .794 .793 .795 .795 .,800 .800 .796 .797 .795 .796 .797 .794 .770
L.785 .785 .788 .790 .790 .793 .795 .796 .797 .797 .795 .795 .797 .797 .797 .797 .796 .796 .793
L786 .,786 .788 .790 .791 .793 .795 .795 .797 .797 .78 .798 .798 .800 .798 .794 .795 .795 .,793
L.785 .786 .788 .790 .79/ .790 .794 .795 .797 .794 .798 .798 .,798 .797 .797 .797 .796 .796 .795
L781 .78/ .785 .786 .788 .790 .791 .793 .793 .795 .,798 .797 .797 .797 .796 .795 .795 .790 .79l
.780 .782 .789 .788 .790 .790 .789 .793 .795 .795 .795 .797 .795 .797 .796 .794 .795 .796 .737
.781 .780 ,789 .790 .789 .791 .795 .794 .795 .795 .900 .800 ,800 .800 .796 .790 .795 .796 .787
.782 .785 .789 .789 .795 .793 .794 ,796 .793 .798 .794 .798 795 .793 .792 .794 .795 .793 .7&7
.784 ,786 .790 .,790 .793 .792 .797 .798 .797 .798 .798 .797 .797 .797 .796 .797 .797 .792 .756
.784 ,786 .788 ,788 .788 .789 .789 .795 .792 .796 .794 .795 .797 .794 .795 .794 .79 .7?9."7136<

TABLE VI - HEAT B PLATE, PLATE NO, 2
ULTRASONIC THICKNESS TRAVERSE DATA



2.7.1

2.7.2

on (Cont'd.)

Plate surfaces were characterized by a rather tenacious, crazed mil|
scale whichwas not readily removed by grit blasting. The thickness
of the scale was approximately 0.00} inches. Occasional laps and
surface imbedded inclusions were found in Heat B plate. These
surface defects apparently resulted during plate rolling.
Occasionally, such defects behaved as initiation sites for cracks
for cracks induced during fatigue cracking of the PTC specimens.
Figures |l through 14 illustrate the visual defects found in the

Heat B plates.

The hardness of the as-received Heat A plate averaged 34 Rockwel |

;fj C, and ranged from 32 to 34.5 Rockwell C. These values are at the

limit specified in DMS 1835. The hardness of the as-received

- Heat B plate averaged 30.3 Rockwell "C" and ranged from 28.5 to 32.1.

" These values are well within the requirements.

I’I ll l. E . I-

. Métallqgkgphic specimens were examined from plate in the as-received

mill-aﬁneiled condition, Both transverse and longitudinal sections

were examined. Figures 15 and 16 illustrate characteristic micro-

structures for the 18Ni-7Co-5Mo alloy. Banding is more pronounced

on transverse than on longitudinal sections. The Figures illustrate
types of inclusion typi~2lly obsarved in the 18-7-5 alloy. The type
itlustrated in Figure |5 is often gold colored and predominately occurs
within light etching wvands. The extremities of the inclusions appear

to be bounded by sharp cornered voids. The voids may have been




‘ DIAGRAM SHOWING VISUAL DEFECTS, PITS AND SCARS
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DIAGRAM SHOWING VISUAL DEFECTS, PITS AND SCARS
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DIAGRAM SHOWING VISUAL DEFECTS, PITS AND SCARS
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DIAGRAM SHOWING VISUAL DEFECTS, PITS AND SCARS
HEAT-B, PLATE 2 - SIDE 2
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TYPICAL TRANSVERSE SECTION ILLUSTRATING
CHARACTERISTIC BANDED APPEARANCE

SECTION SHOWING INCLUSIONS

AS RECEIVED HEAT-A PLATE

250X ETCH: 50 ML HCL
25 ML HNO

| GR CuCT,
150 ML Hy0

FIGURE 15




TYPICAL TRANSVERSE SECTION = HEAVY ETCH
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SECTION SHOWING INCLUSIONS = LIGHT ETCH
AS RECE|VED HEAT-B PLATE
FIGURE 16
250X ETCH: 50 ML HCI
25 ML HNO3
| GR CuCl2
150 ML Hyg
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2.7.2

2,7.3

Metallographic Examination (Cont'd.)

produced by selective efching; however, in all probability they
were induced during plate rotling when the inclusions failed to
deform and elongate in the same way as the surrounding material.
This type of inclusion is tentatively identified in a later section
as titanium nitride. As will be seen, titanium nitride inclusions
represent a major detriment to toughness in this alloy; especially

in welds. Typical smaller inclusions are illustrated in Figure 16,

Inclusion content determinations were made on Heats [, A and B plate
in accordance with ASTM Designation E-45, Method A. Table Vil

presents the average values determined by the suppliers, Newport

~News, and Douglas. The values are within the limits specitied with

thlegtéb?ié@k 6f the thin series for Type B and D. The majority
of the iéé}?éiﬁné,were the angular type presumed to be primarily
fifahiumjhfiffdoﬁ. Some differences in the inclusion counts are
fndicafed. However, the limited data prohibit the formulation of

decisive conclusions concerning the apparent differences.

Twelve 0,505 Tegsile specimens aged at 900°F for 3 hours, were
tensile tested to determine whether or not Heats A and B plate
possessed the minimum property requirements specified in DMS 1835,
The results are presented in Table VIII. The properties exceed the

minimum requirements of the specifications.




GL°0 9°| v Ads) GL°C o) 5°1 s) 2 *Gay
G0 6°0 §°C - Cs°l o oA z o} sejbnag
0°l SL°Z 0 o) 0 GL* ! o o js0dmeN

TIVIH
0 9°1 0 0 c°0 6°C Gz 0 L0 *Bry
0 gl 0 0 0 51 C 9°i *5*g*n
0 0°l o) 0 01l rAd | SL°0 0°i sejbneg
0 g88°! 0 0 0 vicC S o) +aoduay
CVER
0 G* | 0 o) 0 5°0 . o) G*i *Bay
oz o o e 0 0 cz
0 i 0 0 0 0°! G ot se|bnog
Anesy  upyy Aneay  uiyy Angoy: uiyy Aresy - uiuy
0 3dAlL O 3dAL 8 3dAL V 3dAL 30W10S
1§ LV3H

V QOHLIW St~3 NOILVNOIS3IA WLSY HLIM IONVOYOSOV Ni G3NIWY3L3A INIINOD NOISNINI

TTA I1VI

33



TABLE Vi

TENSILE DATA ON HEATS A AND B PLATE
TC CHECK SPECIF ICATION CCNFORMANCE

SPEC. No. SPECIMEN 0.2% ULTIMATE 4 % RED.
. ORIENTATION YIELD STRESS, ELONG.  IN AREA

o STRESS, (XSt) (2 in.

(KS1) GAGE)

, HEAT-A PLATE TENSILE DATA
AP 31 L 253.0 259.0 1.0 45.5

AP 32 L . 252.0 258.5 1.0 44.9
AP 33 | L 253.6 258.8 1.0 44,0
AP 34 | T 255.0 26C.8 8.0 32.5
AP 35 T 252.0 260.0 10.9 36.6

. T 254.0 260.3 9.0 38.8

HEAT-B PLATE TENSILE DATA

!;L‘ e 254.5 264.0 9.0 4],
[ - 257.0 265.0 1.0 4i.3
L 253.5 253.0 8.0 38.5
P-34 T 265.5 270.0 8.0 33.4
: T 264.0 267.5 8.0 33.4
_ "

259.0 269.0 7.0 4.4

NOTES: 757'.‘7 .
U ngutucnal
T Tﬁahsverse
2. Al resﬁifs obtained with 0.505-in. diameter specimens

3. Agad at 900°F for 3 hours




2.7.4

Figures 17 through 22 show the effect of aging time and temperature

on the uniaxial tensile properties of both transverse and longitud-
inal 0.505~in. diameter specimens from the Heats A and B plate.

Data shown are for aging temperatures of 875,900 and 950°F and aging
times ofvl, 3, 6, and 12 hours. Each point represents an individual
test specimen. Data for Heat | are shown in Figure 23. Specimens
were aged for times of 1, 3, 8, or I5 hours. Yield stress data are
not illustrated in Figure 23 since values for the range were not

obtained.

Figures 24 and 25 illustrate the comparative strength and ductility
of the three plate heats. Uitimate strength alone is plotted in
Figure 24 since the alloy is characterized by yield-to-ultimate
strength ratios generally exceeding 0.9. Tabulated data on Heats |,

A, and B afe presented in Appendix V.
The data may be summarized as follows:

I. Aging at 875°F is characterized by a monotonic increase in
tensile strength with increasing aging time (Figure 24) for the
three plate heats. The absolute strengths that are achieved and
the rates of strengthening differ. A maximum difference of
approximately 20 KS| exists between Heat |, the lowest strength,
and Heat B, Heats | and A differ by about 5 KS| over the entire
aging time range examined. Heat B appears to strengthen at a
more rapid rate than either Heats | or A. Unexpectedly high

strength, apprcaching 300-KS|, was attained by Heat-B plate

35



2.7.4

4,

(Cont'd. )

after & 12 hour aging exposure.

_ Heats | and A, after 900°F aging, exhibit about the same strength-

ening response (Figure 24). The strength levels are approximately
equivalent and’appear to reach a relative plateau after 6 hours.
Heat B exhibits substantially higher strength over the entire
range of aging times. Heat B overages at 900°F as indicated by
the drop in strength after 6 hours. Overaging does not occur

for Heats | or A at the 900°F aging temperature.

At 950°F all heats reach a peak strength after 3 hours,
(Fogyre 24). After 3 hours, overaging occurs as depicted by a
steady drop |n strength with increasing aging time. Again Heat B

exhibifs the highest tensile strength. Heat I, which was lower

‘infstrqng?h than Heat A after 875°F aging and about equal after

900°F, exhibits intermediate strength after 950°f aging.

.Tw6¢o¢h9r temperatures were investigated for Heat |. These were

925°F?and IOOOOF. The 925°F aging cycle very nearly produces
the same strengths as the 900°F cycle. The 1000°F cycle exhibits

immediate overaging (Figure 23).

Ductility (as measured by per cent elongation and reduction in
area) for Heats | and A are similar for all aging times and
temperatures and are slightly higher than the values for Heat B.
Ductility in the transverse direction is generally inferior to

that in the longitudinal direction.




2.7.4

2.7.5

‘,Qg"ynti d ) :

Figure 25 shows a scatterband plot showing the effect of aging
times and temperatures on ductility for Heats A and B. |If
Heat | were shown, it would be within the values drawn for

Heat A.

6. Although transverse sirengths are generally greater than longitud-
inal, some notable exceptions were observed: Heat B, 900°F for
12 hours, (Figure 21) and 950°F for all aging times (Figure 22).

Thus orijentation effects are not definitive.

7. The above observations demonstrate that rather striking differences

. chn'cgfgt;in the eging response of nominally |8Ni~7Co-5Mo plate.

. Tﬁc dépéndénce of hardness on the aging treatment is depicted

graphically in Figure 26 for plate from the three heats. Each point

represents the average of four to eighi indentations. As may be seen,

hgkdness remains very hearly constant over a wide range of aging
times and temperatures. Heats | and B are slightly harder than
Heat A. This agrees with the relative strength of Heat B plate,
which had the highest tensile properties. However, Heat | generally
exhibited the lowest strength. Hardness does not appear to

correlate very well with tensile strength.
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2.8

Eracture Toughness of Plate

This section describes the plane strain fracture toughness properties
of plate from the three heats. ’AII results discussed in this section
pertain to full thickness plate specimens. Results obtained using a
subsize specimen are discussed in a subsequent section, wherein

specimen size effects are described.

Heat | plate was evaluated using the 48-in PTC test specimen (Figure
7) exclusively, and only in the longitudinal (parallel to the
rolling) direction. One aging temperature (900°F) and two aging
times (3 and |2 hours) were evaluated. Heat A and B plates were
evaluated using the 24-in specimen (Figure 8). Heat A plate was
tested after 900°F, 3 hour aging only. Two aging temperatures
(875°F and 900°F) and two aging times (3 and |2 hours) were
employed for Heat B. Longitudinal and transverse specimens were
tTested for Heats A and B plate. The dependence of net-fracture
stress on shailow-crack depth was studied. (Crack depth, rather
than length or some other crack-shape parameter, was selected as
the independent variable. However, it should be recognized that
depth mdy not be the most significant crack-shape parameter.
Studies are currentiy in progress at Douglas to define the most
significant crack-shape parameter). Net stress is calculated on
the basis of original crack size as displayed on the fracture
surface. The area is calculated from length and depth measurements
by assumfng the crack to be a semi-ellipse. Figure 27 illustrates
the excellent agreement between calculated and actual area for

several specimens. The actual area was determined by a planimetric



2.8

2.8.1

2.8.2

Eracture Toughness of Plate (Cont'd.)

measurement of a photographically enlarged image of the crack on
the fracture surface. The results for the three plate heats are
discussed in the following three paragraphs. Tabulated data,

including crack depth and length, are presented in Appendix V.

Heat |

The results depicted in Figure 28 show that the net-fracture stress
of Heat | plate, after 3 hour aging at 900°F, remains constant until
a crack depth of approximately 0.110 inches (the “"critical depth")
is reached. Thereafter, the net-fracture stress decreases steadily
with increasing crack depth. Similar behavior is observed after a
12 hour age. However, the critical crack depth after |2 hours may
be somewhat less (perhaps as low as; 0.080-in; however, the data are
not decisive). The net stress for a given crack depth is 10 to 20

KS| less after 12 hour aging than it is after 3 hours,
Heat A

Heat A data exhibit very close agreement with that for Heat | plate
aged for 3 hours. The longitudinal properties of Heat A may be
slightly superior to those for Heat |, but the differences appear

to be small. The transverse properties of Heat A plate appear to be
somewhat inferior to the longitudinal properties. This may be
ascertained by comparing the net-fracture stresses for approximately

identical crack sizes.
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2.8.3

2.8.4

Hepf B

Figure 29 illustrates the net fracture stress dependence on crack
depth after 12 hour aging at 875°F. Figure 30 presents the depend-
ence after 3 and |2 hour aging at 900°F. Both longitudinal and
transverse orientations are depicted. The behavior is similar to
that observed for Heats | and A plate. Notably, however, the
critical crack depth is less, ranging from asbout 0.050 inches to
0.075 inches. As in the cases of Heats | and A plate, both the
critical crack depth and the net-fracture stress (for a given crack

depth) appear to decrease upon extended aging treatment.

Plane Strain Fracture Toughness Parameter, K,

Plane strain fracture toughness values, ch*were calculated from

Irwin's equation (Reference 1), as follows:

where,

* Kyc is an analytically derived expression related to a material's
resistance to premature failure in the presence of a flaw. For a
given tensile strength level, resistance to failure is directly
proportional to Kjc.



2.8.4 Plane Strain Fracture Toughness Parameter, K,;c (Cont'd.)

22 = Crack ilength
b = Crack depth
&= Gross—-tracture siress

9)s% 0.28 offset yield strength

The following sections pertain to the dependence of KIC on thermal

treatments and orientation.

2.8.5 Effect of Aging Duration and Temperature on ch

Figure 31 presents a bar chart depicting the spread in Ko for the
various aging treatments evaluated. Tabulated values are presented
in Appendix V. The results show that transverse properties are some-
what inferior to longitudinal, and that prolonged aging tends to
degrade Kic. Heat | plate exhibits the latter trends most

markedly. (As will be seen in subsequent sections, the differences

attributable to specimen size are inconsequential.)

2.8.6 ari i a ica 2
Siress on Crack Size
Figure 32 illustrates the comparative net fracture stress versus

crack depth dependencies for both experimental data (Heat B plate)

and theoretical curves derived from irwin's equation. The theo-
retical curves (calculated using csy.s. = 280 KSI and K,~ = 98 KSI /[in)
are depicted for a range of crack length-to-depth ratios from two

to eight. The +heore+iéal curves are extrapolatec to inter-

section with the ultimate sfrengfh plateau so as to approximate critical
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EFFECT OF AGING HEAT TREATMENT ON K¢
OF THE THREE PLATE HEATS
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2.8.6

2.9

I =itle
Stress on Crack Size (Cont'd.)
crack depths. Since the 18Ni=7Co-5Mo plate under study is
characterized by yield-to-ultimate strength ratios exceeding 0.9,

such an extrapolation is not unreasonable,

The experimental data fall within the calculated theoretical range
(i.e, 2a/b equal from about 2 to 4). The actual critical crack
depth range is reasonably approximated by theintercept of the
theoretical curve for 2a/b = 2 with the ultimate strength plateau.
However, such approximations may not always be accurate enough for
process control requirements. Nonetheless, these data demonstrate
that theoretical plane strain fracture toughness values may portray
the actual behavior with reasonable accuracy. More comprehensive
comparisons are necessary to fully establish the generality of the

theoretical correlations with experimental data,
Evaluati t Small PIC Speci

The measurement of plane strain fracture toughness of high-strength
alloys has been approached in many ways. bGenerally, if edge-cracked
or center-cracked specimens (Refgrences 2 and 3) are used, rather
expensive and elaborate techniques are reauired for the determination
of the onset of rapid crack propagation. The partial thickness
crack specimen (References | and 4) now commonly designated as the
PTC specimen, has the virtue of being much simpler to test and to

analyze. Perhaps even more important is the fact that this test

yields information (i.e., net-fracture stress versus crack size)
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2.9

2.9.1

Evaluati ¢ smal] PTC Speci

which may be used directly for design and inspection purposes.
Also plane-strain fracture toughness values, KIC' may be directly
calculated from the results using Irwin's analysis assuming
negligible slow crack extension. The latter assumption is often
questioned; however, sustained load data presented later show that

This assumption, at least for these maraging alloys, is reasonable.

The PTC test has often been objected to, however, because of the
belief that large specimens were required to obtain valid results.
Data presented in this section provide the justification for the

use of a2 small, economical, plane strain PTC specimen.

During the initial stages of the |8Ni-7Co~5Mo maraging steel in-
vestigations at Douglas, the large 48" x 4" x 3/4" specimen was
employed to measure the fracture toughness of the 3/4-inch thick
plate and welds (Figure 7). Obviously, this specimen consumed

much material, was expensive from the standpoint of machining and
tesiing, and because of ifs weight (108 |b) was rather difficult to
handie. Testing of welds with this type of specimen further
reauires a one foot long veld for each specimen (assuming a
transverse test), which thus pyramids the cost of gathering
sufficient data needed for research-type investigations. For the
latter reasons, and based on earlier data on AISI 4340 (Reference 5),
a small PTC specimen was evaluated for welds (Figure 33)., Figure 34

compares results obtained with the two specimen types in evaluating
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2.9.1

2.9.2

Background (Cont'd.)

the fracture toughness of weldmetal (Reference 7). (Discussions
concerning welding procedures and compositional effects are presented
in 8 later section.) The results indicate rather close correlation
between the two specimen sizes. It should be noted that the ratio
of crack length to depth is about the same for the +w6 PTC specimens
sizes (length = 2 1/2 Y0 3 x depth). Otherwise, such good agree-

ment would not be expected.

On the basis of the weld test resulfs, a far more comprehensive
evaluation of the effects of specimen size was undertaken on Heat B
plate using the configurations illustrated in Figures 8 and 9. One
specimen, the 24" x 3'x 3/4", was used to test full plate thickness
with the crack plane perpendicular to the plate surface (results
described previously). The orientations used for the 8" x I1/16" x
5/16" specimens are illustrated in Figure 35. The geometry of the
latter specimen was selected on the basis that the largest crack to
be tested would nct exceed one-half the specimen thickness (thus
fulfilling Irwin's criteria for K)o calculations). The small

8" x 11/16 x 5/16" PTC specimens were subjected to aging treatments
identical to those investigated for the previously discussed

24" x 3" x 3/4" PTC specimens.
T of i ize an ientation Net Fra

To fully ccmpare the 8-in PTC specimens with the larger type,
specimens were removed in the three orientations shown in Figure 35.

Two are designated "thickness" types, and are the most economical



2.9.2

Effect of Specimen Size and Orientation on Net Fracture Stress (Cont'd.)

to machine. The specimens were all aged at a constant temperature

(900°F) for two different times (3 hours, 12 hours).

Examination of the net fracture stress data, illustrated in

Figure 36, shows that substantially the same results are obtained
with the three specimen configurations. The resuits obtained with
surface-type 8" PTC correlate cioser with the 24" PTC specimen that
with the results from the thickness-type 8" specimen. This might
have been anticipated since The crack propagation direction for the

8" PTC surface type and 24" PTC specimens coincides.

The principal crack propagation direction for the thickness-type
8" x 11/16" x 5/16" specimen is 90 degrees to that for the surface
type (i.e., approximating short transverse). Thus, the differences
that are seen apparently reflect this orientation difference rather
than that of specimen geometry. Generally, the data from the 8"

are slightly more conservative than those from the 24" specimens.

(Tabulated data for the 8-in specimens are presented in Appendix VI).

The good agreement between the two specimen geometries would not
have been expected had not the crack elipticity ratio (crack length-
to depth ratio) been about the same. Figure 37 illustrates the
relative constancy of the elipticity ratio for a variety of the two
specimen types (welds are also included and will be discussed in

detail later).
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NET FRACTURE STRESS (KSI)

FRACTURE STRENGTH VS CRACK DEPTH
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EFFECT OF CRACK DEFTH ON NET FRACTURE STRESS FOR TWO SPECIMEN CONFIGURATIONS,
SEVERAL ORIENTATIONS AND AGING TREATMENTS - HEAT B PLATE

NET FRACTURE STRESS (KSH

320

O 24" X 3" X 3/8"- 875°F 12 HRS LONG

QO 8" X 11/16" X 5/16'* - 900° F 12 HRS LONG - (THICKNESS TYPF_)

B2 24" X 3" X 3/4" - 875°F 12 HRS TRANS

X 8" X 11/16" X 5/16" - 900° F 12 HRS -TRANS (THICKNESS TYPE)
8" X 11716 X 5/16" - 900° F 3 HRS LONG - THICKNESS TYPE)

08" X 11/16" X 5/16" - 900° F 3 HRS TRANS - (THICKNESS TYPE)

W 24" X 3" X 3/8" - 900°F 3 HRS TRANS

A 24" X 3" X 3/4"-900°F 3 HRS LONG

@ 24" X 3" X3/4" - 900°F 12 HRS TRANS

@ 24" X 3" X3/4"-900°F 12 HRS LONG

A8 X 11/16" X 5/16" - 900° F 3 HRS LONG - (SURFACE TYPE)

280%

240

200

160

120

"

N

80

050 .100 150 .200 .250
CRACK DEPTH, (IN))

FIGURE 36



66

CRACK DEPTH (IN.)

0.4

0.3

0.2

0.1

.05
04.

RELATIONSHIP BETWEEN CRACK LENGTH
AND DEPTH IN PARTIAL THICKNESS CRACK SPECIMENS

—=| LENGTH

| |

O 8" X 11/16" X 5/16" PLATE
© 8" X 11/16" X 5/16" WELD
A 8" X 11/16" X 3/16" WELD
O 8" X 11/16" X 5/16" HAZ

K124 X 3" X 3/8" PARENT PLATE

7
T

\ o

03.
02.

01.

\8@

0.1

0.2 0.3 04
CRACK LENGTH (IN.)

FIGURE 37

05



2.9.3

Effect of Specimen Size on Ku:

The calculation of Kic from the data generated using the 8-in. PTC
specimens presented & special problem. In the case of these speci-
mens, the area occupied by the partial thickness crack was a relative-
ly substantial fraction (approaching 30 per cent for the largest
cracks) of the total cross sectional area of the specimen. Partial
thickness cracks in the 24-in. specimens occupied a relatively
negligible area fraction of the total cross section. Therefore, the
calculation of Kin for the 8-in. specimens on the basis ot gross stress
resulted in a geometrically induced bias. In an effort to overcome
this geometrical bias, "quasi" K;~ values were also caiculated on

the basis of net, rather than gross, fracture stress. Net stress
represents a convenient, albeit arbitrary, weighting function which
tends to compensate for the geometry effects. Obvious theoretical
Justitication for the use of net fracture stress in the K equation

is lacking.

Figure 38 illustrates the result of the net stress correction on

Kyc (complete tabulations of KlC calculations based on net and gross
fracture stress are presented in Appendix VI). The figure illus-
trates the effects of calculating K, from gross and net stress for
the surface type 8-in PTC specimens (longitudinal, aged 900°F,

3 hours). Results for identically treated 24-in. PTC specimens are
shown for comparison. The data demonstrate that the net stress
weighting function brings the K,, values for the 8~in and 24-in.
specimens into approximate equivalence (as expected since orienta-

tions are identical). Furthermore, for the crack size range
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2.9.3

Effect of Specimen Size on K¢ (Cont'd.)

evaluated, KIC becomes relatively constant. (However such constancy
would not have arisen had not the crack length-to-depth ratios been
virtually constant and identical for both specimen sizes). The data
shown in Figure 38 are characteristic of the remainder of the data

tabulated in Appendix VI,

A comprehensive comparison of the 8-in and 24-in specimens is given
in Figure 39 on the basis of Kio versus the ratio of total cross-
sectional area to net cross-sectional area. This ratio represents
a convenient parameter of the relative size of the crack and speci-
men cross sectional area and is in fact equivalent to the ratio of
net-fracture stress to gross-fracture stress. K)¢ was calculated
on the basis of net fracture stress for all the 8-in specimens. A
direct comparison of the two specimen configurations can be made by
symbols without tails (24") to iike symbols with tails (8"). The
"surface" type coupons correlate closer to the 24~in coupons, than
the "thickness" type. Maximum differences of about |0 percent are
seen. The 8-in "thickness" type specimens exhibit somewhat lower
Kic values than the "surface" type, but as reported in a previous

section, this might be expected.

The small specimens tend to favor the right side of the graph. This
trend is due to the dependence of the ratio of net stress to gross
stress on specimen size. For the 24-in specimens, the net and gross
stresses are very nearly equivaient, while for the 8-in specimens

substantial differences exist. Relative size differences are illus-



2.9.3

2.9.4

Etfect of Specimen Size on K;~ (Cont'd.)

trated in Figure 40. Regardliess of the value of the ratio, the Ko
values are in good agreement for both types of specimens. Especially
good agreement persists when crack propagation directions are

identical.

The results show that plane strain K;c values and net fracture stress
data generated using either speciiien are substantially the same.

From the standpoint of economics, the 8-in '"thickness" type specimen
is favored even though the values obtained are somewhat more con-
servative than those obtained from the 24-in. specimens. On the
basis of these results, the 8" x |1/16" x 5/16" PTC specimen was

used extensively for the weld studies to be described in the forth-

coming sections.

The approach represented by these results should not be generalized
for all alloys unless specifically demonstrated to be applicable.
Theoretical analysis of specimen geometry and relative crack size

effects are also required,

Eracture Surface Appearance
Figure 4! illustrates the fracture surfaces typical of transverse

and longitudinal 24-in PTC specimens from Heats A and B plate. The
transverse specimens exhibit surfaces characterized by striations
parallel to the rolling direction. Striations are far less prevalent
on the fracture surfaces of the longitudinal specimens. The

striations are probably related to the banded microstructure
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5/16" X 11/16" FRACTURE SURFACE. CRACK LENGTH = 0.446"", CRACK DEPTH = 0.143".
ELOX STARTER NOTCH AT BOTTOM IS ABOUT 0.030"" LONG AND 0.015" DEEP.
FATIGUE CRACK EXTENDS UPWARD FROM LOWER SURFACE.
APPROX 8X

3/4" X 3" FRACTURE SURFACE. CRACK LENGTH = 0.290",
CRACK DEPTH=0.114. ELOX STARTER NOTCH IS BARELY EVIDENT
FATIGUE CRACK EXTENDS UPWARD FROM LOWER SURFACE.

APPROX. FULL SIZE

FRACTURE SURFACE OF 8" X 11/16" X 5/16"" AND 24" X 3" X 3/4"
PTC SPECIMENS ILLUSTRATING REPRESENTATIVE APPEARANCE.

FIGURE 40




2.9.4

Eracture Surface Appearance (Cont'd.)

illustrated in Figure |15. Electron fractography failed to reveal
any differences between longitudinal and transverse specimens.
However, potentially demaging inclusions were disclosed. The
significance of these inclusions and their characteristics are

described in subsequent sections.
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AP 45 P16

TRANSVERSE

AP 4-2 P 125

LONGITUDINAL

HEAT-A HEAT-B

MAGN.: APPROX. 1:1

TYPICAL 24" « 3" x %" PTC FRACTURE SURFACES
HEATS-A AND B PLATE

FIGURE 41
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The following sections present observations relating to welding
procedures and to the mechanical properties of welds deposited in
plates from Heat | and B. Al| data presented on welds made in
Heat | plate were acquired in the previous Douglas sponsored pro-
grams (References 5-7). All data on welds deposited in Heat B

plate were obtained from tests performed under this contract.

The majority of the welding was performed under laboratory conditions

employing flat plate specimens. However, an evaluation of welding
under simulated production conditions using special fixtures and

contoured plate segments was also undertaken.

Heat B plate welds were made by personne! at both Douglas Aircraft
Co., and Newport News Shipbuilding and Dry Dock Co. (performing as
a subcontractor). Comparison of the results obtained at the two

laboratories provides a basis for evaluating the reproducibility of

the welding procedures.

Mechanical property data on weldments include across-the-joint
tensile, all weldmetal tensile, and weldmetal and heat-affected

zone fracture toughness.

The resuits presented in this section relate the mechanical behavior
of weldments with respect to chemical composition, thermal treat-
ments and welding procedures. Mechanical properties and the effects

of compositiona! and therma! variables are in turn related, insofar
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3.1

3.2

INTRODUCTION (Cont'd.)

as presently possible, to metallurgical observations.
Eiat Plate Welding - Speci Preparati

Almost all of the welding performed during these investigations was
accomplished using the inert-gas shielded metal-arc (MIG) process.
Very limited work on Heat | plate was done using electron beam

welding.

The chemical compositions of the three consumable electrode weld-
wires that were employed for the MIG weiding are tabulated in Table
IX. The weldwires were produced by Armetco Inc., using vacuum
induction melting procedures; and after drawing, vacuum annealing.

The wire procurement specification is presented in Appendix I1.

Wire Al was used exclusively for all welding done under this contract,
while wires A2 and A3 were used for the previous Douglas sponsored
work. The chemical composition of wire Al was selected on the

basis of preliminary evaluations of weld deposited with wires A2 and

A3 and using titanium implant methods (References 5-7).

Welds were deposited in a variety of plate blank sizes. The welds

in Heat | plate were made in 9-in.x 10-in. x 3/4-in. and 72-in x
48-in. x 3/4-in blanks. The deposits in Heat B plate were made in
either 20-in. x 10-~in. x 3/4-in. or 52-in. x 26=~in. x 3/4-in. blanks.
Figures 1-5 present the specimen blank layout used for the plate
bianks. Specimen codings are also shown on the layout, and may be

referred to in subsequent sections to identify the locations of weld
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TABLE X = TABULATION OF MECHANICAL TEST SPECIMENS MACHINED FROM HEAT-B WELDED TEST PLATES

W1, 3W3
W-22, W-25
W-32, W-34
W-38, W-40
W-5, W-9
W=21, W=25
W-31, W-33
W42, W45
4W=39, AW-49
A0-31, 4W-7
LW-41, 4W-52
a-42, 4W-54
4W-43, 4W-53
AW-51, 4W-55
20-3, 2W-1
2W-5, 20-7
6W-5, GW-6
W=7, €W-8
5W-2, 5W-4
5W-10, SW-12
5W-6, 5W-8

W=3, W-7
W=1t1, wW-19
W=1, wW-23
W=27, W-39
i=4., -8
W=12, wW-20
W-2, vi-24
W-28

202, 2W4
206, 2W8
4W8, 4W50
449, 4W36
4W10, 4wzl
4WI1, 4W33
4W12, 4W22
4W23, 4W34
4W24, AW35
5W9, 5WlI
5W1, 5W3
5Wi3, 5WI5
5W5, 5W7
8W2, 8w4

8Wl, 8W3

MECHANICAL TEST SPECIMENS MACHINED FROM WELDED PLATES
AA-1, AA-=2, AA-3, AA-4, AA-5, AA-6
Bs-l, BB-2, BB-3, B3-4, BB-5, BB-6
cc-1, cc-2, cc-3, cc-4, CC-5, CC-6
oo~1, ob-2, DD-3, DD-4, DD-5, DD-6
GG-1, GG-2, GG-3, GG-4, GG-5, GG-6
HH=1, HH-2, HH-3, HH-4, HH-5, HH-6
Jd=1, JJ=2, JJ=3, -4, Jd-5, JJd-¢
KK=I, KK=2, KK-3, KK=-4, KK-5, KK=6
4A-| through 4A-(2, 4A-3|
4E-l through 4E-7, 4E-3I
4F=1 through 4F-10, 4F-3I
4G-1 ‘through 4G6-7, 4G-31

4H=1 through 4k~10, 4H=-3|

4J-1 through 4J-12, 4J-3!

2A-1 through 2A-12, 2A-3|

2B-Al through 2B-A6, 2B-| through 28-6, 28-31|

6vi~l, 6W-2, 6W-3, 6W-4

6AW-1, OGAW-2, 6W-5, 6W-6

7A1 through 7A~9, 7A-13, through 7A-25

78-32, 7B-33, 7B-34, 7B-35, 78-36, 7B-37, GAW3, 6AW4, 7B-i, 7B-2, 7B-3

7C-1 through 7C-6, 7C-32, 7C-33, 7C-34, 7C-35, 7C-36, 7C-37, 7C-10,
7C=11, 7C-12

2116-1, 2116-2, 211G-3, 211G-4, 211G-5, 211G-6

201H=1, 211H=2, 21IH=3, 211H=4, 2|IH-5, 2IIH-6
211d=-1, 2114-2, 211J=3, 211J-4, 2114-5, 211J-6

211K=1, 211K=2, 211K-3, 211K-4, 211K~5, 211K-6

211A-1, 211A=2, 211A=3, 211A-4, 211A-5, 2|1A=6

211B-1, 211B-2, 211B-3, 21iB-4, 2118-5, 211B-6

211C-1, 211C-2, 211C-3, 211C~4, 211C=5, 211C~-6

2110-1, 211D-2, 211D=3, 211D-4, 211D-5, 211D-6

212A-1, 212A-2

212B-1, 2128-2

214A-1 through 214A-12

213D-1, 2140-1 through 214D-8

213E-1, 214E-1 through 214E-8

213F-1, 214F=1 through 214F-8

213G-1, 214G-1 through 214G-8

213H-1, 214H~| through 214H-8

2134-1, 214J=1 through 214J-8

215A-1, 215A-2, 2I5A-3

2158-1, 2158-2, 215B-3

215C~1, 215C=2, 215C-3

2150-1, 2150-2, 2i5D-3

222A-1, 222A-2, 222A-3, 222A-4, 222A-5, 222A-6, 222A-1, 222A-8
222B-1, 222B-2, 222B-3, 222B-4, 222B-5, 222B-6, 222B-7, 2228-8
222C-1, 222C-2, 222C-3, 222C-4, 222C-5, 222C-6, 222C-7, 222C-8

2220-1, 222D-2, 222D-3, 222D-4, 222D-5, 222D-6, 222D-7, 222D-8

L e B RS T e



3.2

Elat Piate Welding - Specimen Preparation (Cont'd.)

test blanks., Table X designates the sections that were welded
together to provide the welded test specimens for mechanical eval-

uation.

Most of the welds were deposited perpendicular to the plate rolling
direction, although several test welds were alsoc made parallel to

the rolling direction. Welds were deposited primarily in the as-
received mill annealed pliate, although a few welds were also deposit-

ed in aged plate.

Prior to welding, the plates were usually grit blasted and always
ground with a portable grinder adjacent to the weld joint prepara-
tion. This procedure served to remove any mill scale that might
otherwise have contaminated the weld deposit. Stainless steel wire
brushing was employed between passes to remove heat tint and excess-

ive weldmetal scale.

The test plates were restrained in the flat position while welding
to prevent lateral distortion. Neither preheat nor postheat was

employed, and the interpass temperature never exceeded 300°F.

All welids were deposited with standard commercial welding equipment.
Arc current and voltage were continuously recorded for each weld.
The dewpoint of the argon shielding gas was periodically monitored
both at the bottle outlet and welding torch nozzle (employing 2

special fitting). The dewpoint was always minus 70°F or lower.

Figure 42 shows a typical arrangement used for the welding of flat
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3.2

3.3

Elat Plate Welding - Specimen Preparation (Cont'd.)

plate at Douglas. The Newport News arrangement was similar. Table
X| describes in a general way the different welding procedures that
were employed and designates each weld type by means of a code
number. These weld type codes will be referred to in subsequent
sections. Weld deposit chemical compositions are also presented

and will be discussed in subsequent sections.

Weld types Wl through W6 were evaluated in the previous Douglas
sponsored programs and types W7 through W9 were prepared and eval-
uated in fulfiilment of this contract. As may be seen from the
tabulated characteristics in Table XI, the welding procedures in-
cluded principally two-pass MIG deposited welds (about 120,000
joules per inch of weld per pass). However, multipass MIG (about
50,000 joules per inch of weld per pass) and electron beam welds

(about 20,000 joules per inch of weld) are also included.

Figures 43 through 48 present the details of the welding procedures
and joint preparations that were used for each type of weld listed

in Table X1,

ns ti We ldment

All weldments were radiographically inspected, and most were also
surface dye penetrant inspected. Radiographic quality was rated
per MIL-R-11468. Welds or welid sections were judged to be accept-
able for testing only if the quaiity conformed to Class~| Standards.

Dye penetrant was employed toc detect surface cracks in weldmetal

and heat-affected regions.



JOINT CONFIGURATION AND WELDING
CONDITIONS FOR TYPES - W1 AND W2 WELDS

O

/\ GROOVE FOR Ti
SIDE 1 WIRE IMPLANT

A°
‘ N 1
DN DL Ll

_—m 3/16" R

w1 JomT pesign SIPE 2 W3 JOINT DESIGN
SIDE 1 SIDE 2
CURRENT - 475 AMPERES CURRENT — 475 AMPERES
VOLTAGE - 32 VOL TS VOLTAGE ~ 32 VOLTS
TRAVEL SPEED — 7.5 INCHES PER MIN (ipm) TRAVEL SPEED — 7.5 INCHES PER MIN.

PROCESS: MiG, DCRP
ELECTRODE: 0.093 — IN. DIAMETER TYPE A2

TORCH GAS: 80 CFH ARGON

TRAIL SHEILD: 130 CFH ARGON

TORCH ANGLE: 3° FOREHAND
POWER SOURCE; CONSTANT POTENTIAL

BASE PLATE: HEAT 1, 3/4 — IN THICK 18 Ni-7Co.-5Mo PLATE

FIGURE 43
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JOINT CONFIGURATION AND WELDING
CONDITIONS FOR TYPE - W3 WELDS

3/16" R

$ 1 oW

JOINT DESIGN

SIDE 1

CURRENT - 540 AMPERES
VOLTAGE - 31 VOLTS

TRAVEL SPEED 7.5 (ipm)

P ROCESS: MIG DCRP

ELECTROD: 0.093 - IN. DIAMETER TYPE A3
TORCH GAS: 80 CFH ARGON

TRAIL SHEILD: 190 CFH ARGON

TORCH ANGLE: 3° FOREHAND

POWER SOURCE: CONSTANT POTENTIAL

SIDE TWO BEVELED AFTER WELDING
SIDE ONE (SAME GROOVE AS SIDE ONE)

SIDE 2
CURRENT - 490 AMPERES
VOLTAGE - 33 VOLTS
TRAVEL SPEED - 7.5 (ipm)

BASE PLATE: HEAT-1, 3/4-IN THICK 18Ni-Co-5Mo PLATE

FIGURE 44




JOINT CONFIGURATION AND WEL DING
CONDITIONS FOR TYPE- W4 WELDS

SIDEL
v
SIDE 2 ' SIDE 2
20"V
JOINT DESIGN BEVELED AFTER WELDING
SIDE 1 SIDE 2
TRAVEL TRAVEL
CURRENT SPEED CURRENT SPEED,
PASS NO. AMPERES VOLTS i.p.m PASS NO. AMPERES VOLTS i.p.m.
1 e 18.5 1 420 %.5 18.5
2 510 v} 18.5 2 465 2.5 14
3 %.5 18.5 3 465 %.5 14
4 450 2.5 18.5 4 465 %.5 14
5 [y} % 18.5 5 465 %.5 14
] 450 %.5 18.5
1 %0 % 18.5
8 455 % 18.5
9 450 % 18.5
k) 455 % 18.5

PROCESS: MIG, DCRP

ELECTRODE: 0.093 -IN. DIAMETER TYPE A3

TORCH GAS: 80 CFH ARGON

TRAIL SHEILD: 190 CFH ARGON

TORCH ANGLE: 3 FOREHAND

POWER SGURCE: CONSTANT POTENTIAL

BASE PLATE. HEAT-1, 3/4IN. THICK 18Ni-7Co-5Mo PLATE

FIGURE 45
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JOINT CONFIGURATION AND WELDING
CONDITIONS FOR TYPE - W5 WELDS

JOINT DESIGN
CURRENT TRAVEL SPEED
PASS NO. AMPERES VOLTS i.p.m.
1 350 30 10
2 315 2 12
3 3% Vel 12
4 350 P 12
5 350 3 12
6 3% ) 13
I 3% P} 13
8 3% e 13

PROCESS: MIG DCRP
ELECTRODE: 0.062-INCH DIAMETER TYPE A2

TORCH GAS: 60 CFH ARGON

TRAIL SHEILD: 60 CFH ARGON

POWER SOURCE: CONSTANT POTENTIAL

TORCH ANGLE: ¥ FOREHAND

BASE PLATE: HEAT-1, 3/4-IN. THICK 18Ni-7C0-5MO PLATE

FIGURE 46
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JOINT CONFIGURATION AND WELDING
CONDITIONS FOR TYPE - W6 WELD

!

{u = ;/4"

060 GAg/ BACK UP PLATE

(18Ni-7Co-5Mo)

MELT THROUGH WELD
ELECTION BEAM WELD CONDITIONS:

BEAM VOLTAGE 30 Kv
BEAM CURRENT 370 Ma
TRAVEL SPEED 34 ipm

GUN TO WORK DISTANCE L1.5IN
WELDOR-SCIACKY 150KV, 15ma
BASE PLATE: HEAT-1, 3/4-IN THICK 18Ni-7Co-5Mo PLATE

FIGURE 47
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JOINT DESIGN AND WELDING CONDITIONS
FOR TYPES W7, W8, AND W9 WELDS

W-7 WELDING CONDITIONS

SDE 1
EURRENT - 425 AMPERES
VPLTAGE - 24 VOLTS
TRAVEL SPEED - 7.51pm

SIDE
W—8 WELDING CONDITIONS

SIDE 1
CURRENT — 420 AMPERES
VOLTAGE - 325VOLTS
TRAVEL SPEED - 7.5 IPM

W — 9 WELDING CONDITIONS

SIDE ]
CURRENT - 485 AMPERES
VOLTAGE - 36 VOLTS
TRAVEL SPEED - 7 ipm

PROCESS: MIG DCRP

ELECTRODE:  0.093-IN. DIAMETER TYPE Al

TORCH GAS: 70-80 CFH ARGON

WELD BEAD PLACEMENT

SIDE 2
CURRENT - 570 AMPERES
VOLTAGE - 25 VOLTS
TRAVEL SP - 1.5 ipm

SIDE 2
CURRENT - 460 AMPERES
VOLTAGE - 325 VOLTS
TRAVEL SPEED — 1.51PM

SIDE 2

CURRENT - 525 AMPERES
VOLTAGE - 37 VOLTS
TRAVEL SPEED - 7 ipm

TRAIL SHEILD: 90 CFH ARGON (TYPE W7 AND W9), 170 CFH ARGON (TYPE W8)

TORCH ANGLE: 3" FOREHAND

POWER SOURCE: CONSTANT POTENTIAL

BASE PLATE:  HEAT-B, 3/4-IN. THICK 18Ni-7Co.-5Mo PLATE

FIGURE 48



3.4

3.5

Bost-Weld Heat Treatment

Following welding and inspection, the welded plates were machined
to provide the required test specimens. These specimens were then
aged in accordance with the procedures described for the parent

plate.
Mechanical Testi

Most tensile and fracture foughness testing of weldments was per-
formed in accordance with the procedures described for parent plate.
Any exceptions will be described in the appropriate sections.

Table X details the locations of welded mechanical test specimens
with respect to the individual welded test plate from which the

specimens were machined.

Across-the—joint (i.e., transverse to the welding direction) tensile
properties were measured using 0.505-in diameter round bars (Figure
6) and by means of 10" x 3/4" x 3/4" square bars (Figure 49). The
latter type of specimen was also occasionally employed to determine
fongi fudinal weldment properties. All-weldmetal tensile properties
were measured using 0.250-inch diameter round bars (Figure 10).
These specimens were carefully machined entirely from the second
pass weld for all evaluations presented herein. The longitudinal
axis of the 0.250-in diameter specimen was parallel to the longitud-
inal axis of the weld. Figure 50 illustrates the location of the

specimen in the weld.

Fracture toughness evaiuations were performed using the 8-in, 24-=in.,
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TRANSVERSE CROSS-SECTION ILLUSTRATING
THE LOCATION OF THE 0.250-INCH DIAMETER
ALL-WELDMETAL TENSILE SPECIMEN

3/8" FINAL MAJOR DIAMETER
(THREADED END) OF LONGITUDINAL

SECOND WELD PASS ALL-WELDMETAL 0.250"" TENSILE
SPECIMEN.

\_\ FIRST WELD PASS

TRANSVERSE CROSS SECTION

FIGURE 50

9
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3.5

3.6

Mechanical Testing (Cont'd.)

and 48-in PTC specimen tfypes illustrated previously in Figures 7,8,
9 and 33. Several different specimen orientations with respect to
the welding and plate rolling directions were investigated for weld-
metal and heat-affected zone regions. Details of the various
orientations will be described in the appropriate forthcoming

sections.

Weldment Soundness

Some unexpected difficulty was encountered initially in producing
welids of the required quality. An unusually high incidence of
porosity developed in the first test welds made using the W9 con-
ditions (See Tables X! and Figure 48). The incidence of porosity
was sporadic and efforts to establish the cause or causes were not
successful. Since a systematic study of porosity formation was not
an objective of this contract, empiricaly guided modifications in
the welding procedure were employed to eliminate the problem. The
W7 and W8 conditions were capable of producing sound welds comply-

ing with the specified requirements.

The reasons for the improvement in weld quality produced by the
change in welding conditions are not fully explainable. Work on
the mechanisms of porosity formation in maraging alloys is worthy

of further study.

Radiographic and dye-penetrant inspections failed to reveal signif-

icant weldmetal or heat-affected zone cracking in any of the welds.



3.6

3.7

3.7.

Weldment Soundness (Cont'd.)

However, occasional crater cracking produced by inadequate crater
fill was observed. Such cracking may be controlled by the automated
adjustment of welding conditions upon termination of a weld. Micro-
scopic examination of several weld sections failed to reveal any

subsurface crack-like defects.
Effeci f Weldi | Heat I I t Variabl Agi R

This section presents data pertaining to the effects of post-weld
aging treatments on the tensile and hardness properties of welds.
The behavior of several weld types are described and compared.

Both ail-weldmetal and across-the-joint properties are discussed.
Effects of Aging Heat Treai | I Aging R ¢ 1 WO
Heldmefal|

Although, as previously discussed, Type W9 welds were often charac-
terized by unacceptable porosity, it was possibie to machine
specimens from porosity-free regions. All-weldmetal 0.250-in
diameter specimens were machined from welds made both in as-received
and in aged plate. The tensile specimens were aged at 875, 900,
and 950°F for times ranging from | 1/2 to 12 hours. Tensile
property data are tabulated in Table Xil| and Appendix VII. The
remarks column describes significant features of the fracture
surface (as observed visually) in terms of a letter code. This
letter code is defined in Table X1l and will be referred to
frequently throughout the remainder of this report. The data are

presented graphically in Figures 51, 52 and 53. The data are not
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3.7.

Agj i at Agj
Weldmetal (Cont'd.)
distinguished in terms of prior plate condition since this factor
did not affect the results. The dependence of tensile strength
properties on aging time at 875 and 900°F are quite similar. Both
ultimate and yield strength tend to increase with increasing time.
However, peak strength appears to be achieved after six hours at
900°F, while no peaking is evident at 875°F. Ductility appears to
decrease drastically with increasing aging time at 875°F. Aging for
6 or 12 hours resuited in virtually nil ductility. The same trend
is apparent for the 900°F specimens. However, scatter in the resuits
makes the trend much less decisive. The low ductility upon prolonged
aging is also manifested by the coincidence of yield and ultimate
for one specimen aged for 6 hours at 900°%F and another aged for 12
hours that failed at relatively low strength without measurable 0.2%

vield.

The tensile strength of specimens aged at 950°F appears to be
virtually independent of aging time. Ductility is uniformly low,
although strengths equivalent to that achieved only after six hours
aging at 875° and 900°F are attained after only | 1/2 hours at

950°F.

Table XI1 describes a majority of the type W9 weldmetal specimens
as being characterized by columnar appearing fracture surfaces.
Figure 54 illustrates this typical columnar appearance. This
structure resembles that resulting from fracture along the grain

boundaries of large columnar grains produced in a very slowly
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TABLE X111

CODE DEFINITIONS FOR VARIOUS TYPES OF ORSERVED FAILURES

special Feal ¢ Foil
Fai lure through weldmetal

Failure through heat-affected zone eyebrow

Fai lure through heat-affected zone between eyebrow and fusion line
Mixed failure ~ weldmetal and heat-affected zone

Fai lure through weldmetal - porosity on fracture surface (See Fig. 89 )
Lack of fusion evident on fracture surface (See Fig. 88 )

Columnar structure predominant on fracture surface (See Fig. 54 )

Cup and cone fracture

Gold flakes on fracture surface - possible fracture initiation sites

Possible prior defect on fracture surface
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TENSILE STRESS (KSI)
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EFFECT OF AGING TIME AT 950°F ON TYPE W9
ALL WELDMETAL UNIAXIAL TENSILE PROPERTIES
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3.7.1

3.7.2

Effects of Aging Heat Treatment on the Aging Response of Type W9
Weldmetal (Cont'd.)

solidifying weld deposit. The type W9 welds were deposited using
the highest unit energy investigated (approximately 150 Kilo Joules
per inch of weld per pass), and would be expected to possess the
coarsest grain structure. Electron fractographic examinations,
described in a subsequent section indicate that the columnar fracture
surfaces were laden with what is believed to be a damaging phase.
This phase,identified as TiN, could substantially degrade ductility.
It is not known whether the high concentration of TiN resulted from
the high welding energy input or other unknown factors. The data
do indicate, however, that the effects of welding energy input,

and its attendent affect on weldmeta! microstructure and properties,

deserves further investigation.

eatment on the Aging Response of Types W/

and W8 Weldmetal

Figures 55, 56 and 57 depict the dependence of types W7 and W8 all-
weldmetal tensile properfies on post weld aging heat treatment.
Appendix VIl summarizes the same data. Figure 58 presents hardening

response data for Type W8 weldmetal.

Examination of Figures 55-57 reveals that strength is significantly
affected by aging time and temperature (Type W7 and W8 weldmetal
respond similariy). Aging at 875 and 900°F produces continuously
increasing strength up to 12 hours. Aging at 950°F produces peak
strength at about 6 hours and a slight decrease after |2 hours.

The weldmetal strength ranges from about 85 to approximately 100



TYPICAL COLUMNAR FEATURES ON TYPE W3
ALL WELDMETAL TENSILE SPECIMEN FRACTURE SURFACE

FIGURE 54
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3.7.2

3.7.3

Etfects of Aging Heat Treatment, on the Aging Response of Types W7
and W8 Weldmetal (Cont'd.)

per cent of that possessed by the Heat-B parent plate (compare
Figures 55-57 to Figures 21-22). Aging at 950°F produced virtually
equivalent strength in the weldmetal and parent plate for the full
range of aging times investigated. Hardening response (Figure 58)
parallels the strengthening response behavior. Ductility (as
measured by both per cent elongation and per cent reduction in area)
is relatively unaffected by aging treatment, although it appears to
decrease slightly as aging time increases. Ductility values are

generally siightly lower than for plate.

Untike the W9 welds, columnar tfracture surfaces were not observed

on W7 and W8 all weldmetal tensile fracture surfaces. Both W7 and
W8 type welds were deposited at significantly lower specific

energy inputs than type W9. Thus it appears that the welding energy
input may be an important factor influencing mechanical properties.
However, as will be discussed later, welding energy input is
probably signiticant only insofar as it may influence the dispersion
of TiN in weldmetal.

Effect ¢ e Ld] p ur | Agi Heat Trea | the Agij
Response of Heat-Affected Reqgions

The aging response of heat-affected zones has been investigated by
means of hardening response measurements and across-the-joint tensile
properties. The data presented in this section indicate that
although some strength impazirment does prevail in heat-affected

regions, the probiem does not appear To be a major one.
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EFFECT OF AGING TIME AT 875°F ON ALL-WELDMETAL
UNIAXIAL TENSILE PROPERTIES OF DEPOSITS IN HEAT-B PLATE
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EFFECT OF AGING TIME AT 900°F ON ALL-WELDMETAL

UNIAXIAL TENSILE PROPERTIES OF DEPOSITS IN HEAT-B PLATE
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EFFECT OF AGING TIME AT 950°F ON ALL-WELDMETAL

UNIAXIAL TENSILE PROPERTIES OF DEPOSITS IN HEAT-B PLATE
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EFFECT OF AGING TIME AND TEMPERATURE ON

WELDMETAL HARDNESS
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3.7.3

Response of Heat-Affected Regions (Cont'd.)

Previous work (References 5-7) demonstrated that heat affected zone
softening is produced in regions where brief exposures between
about 1,200 and 1300°F occur. This softening has been shown to
result from partial reversion and stabilization of austenite which
does not respond fully to subsequent aging treatments, (References
8-11). Figure 59 illustrates the softening which occurs in the

heat-affected zone as a result of austenite reversion.

Figure 60 depicts the effect of specific welding energy input on the
minimum heat-affected zone strength of several types of welds
previously described. Specific welding energy (i.e., energy per
inch of weld per weld pass) was selected arbitrarily, and fotal
integrated energy input could also be used. In either case the con~
clusions presented below would be the same. Tensile specimens
(0.505-inch round bars) were machined transverse fo the welding
direction (the welding direction paralieled the rolling) and aged

for 12 hours at 900°F. Under these conditions all failures occurred

through heat-affected zones. Figure 61 illustrates 2 typical failure

location for the two-pass welds. Fracture occurs substantially
through the "eyebrow" regions as illustrated in the figure (where
partial austenite reversion has occurred). It is noteworthy that
the failure generally did not propagate through the coarsest-
grained regions of the heat-affected zone adjacent to the fusion

line. The strength data presented in Figure 60 may thus be inter-

preted to represent the minimum heat-affected zone ultimate tensile
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3.7.3

{fects W, ing Procedure and Aqi at Treat + the Agi
Response of Heat-Affected Regions (Cont'd.)

strength for the given welding procedures and the single postweld

aging treatment.

The data presented in Figure 60 demonstrate that up to about 10

per cent loss in strength may occur in heat-affected regions. No
decisive dependence on the specific welding energy input (joules

per inch of weld per pass) may be ascertained from the data. Thus,
it appears that over a wide range of welding thermal conditions, the

heat-affected zone behavior remains relatively constant.

Figures 62 through 65 present additional data on the aging response
of heat-affected zones in weldments of Type W2, W7, W8 and W9.
Tabulated data are presented in Appendices Vil and VIII. The data
represent properties of across-the-joint specimens (0.505-inch
diameter round bars) the majority of which failed through the
"eyebrow'" regions. Some W9 types failed through weldmetal exhibit-
ing the columnar appearance previously described. Welds made in as-
received as well as aged plate (900°F, 3 hours) are presented in
Figures 63-65 for type W7 and W8 welds. Welds made in as-received
or aged plate are not differentiated in the figures to simplify the
presentation. However, welds deposited in aged plate generally
exhibited slightly higher strengths after aging than those deposited
in as-received plate, Apparentiy, previously aged plate is not
impaired quite as much as as-received plate by the thermal effects
of welding. Perhaps less austenite reversion occurs in the eyebrow

regions of previousiy aged plate. The presence of a precipitate,



3.7.3

. . ) 4
Response of Heat-Affected Regions (Cont'd.)

containing austenite stabilizing elements, could also retard the
rate of austenite reversion since additional time would be required

for precipitate solution and subsequent reversion.

As may be seen from the tabulation in Appendices VII and VIII some
of the tensile failures propagated through 6eaf~affecfed zones away
from the eyebrow. Thus it appears that some strength degredation
may occur in other heat-affected zone regions as well. The tensile
strength data, nonetheless, may be regarded as being 2 measure of
the minimum heat-affected zone strength values. Reduction in area
data give an indication of the relatively ductile nature of this
region. Somewhat suprisingly, Tthe data indicate that type W8 welds
did not strengthen upon aging as wel!ll as the fype W7. Additional
acrcss=the-joint and longitudinal specimens from type W7 and W8
welds were tested employing 10" x 3/4" x 3/4" specimens (Figure 49).
Table X1V presents the fensile results after the specimens were
aged for 3 hours at 900%. The data indicate, as before, that the
aging response of the type W7 welds was somewhat superior to That
of type W8 welds. No satisfactory explanation can be oftered to
explain this difference. It is very unlikely that the small differ-

ence in specific energy input could account for the variation.

The data presented in Figures 62 through 65 aiso show that the
impaired heat-affected zone regions may be strengthened by prolonged
aging at the lower aging temperatures (875 and 900°F). The strength

after prolonged aging approaches approximatetly 95% of the parent-
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TENSILE STRESS (KSI) TENSILE STRESS (KSi)

TENSILE STRESS (KSI)

EFFECT OF AGING TIME AT 875°F, 900, AND 950°F ON
THE ACROSS-THE-JOINT TENSILE PROPERTIES OF
TYPE W2 WELDS DEPOSITED IN HEAT-1 PLATE
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EFFECT OF AGING TIME AT 875°F ON THE ACROSS-THE-JOINT TENSILE
PROPERTIES OF TYPES W-8 AND W-9 WELDS DEPOSITED HEAT-B PLATE

20 ¢
I :
5 20 L s Eo
= ® g ° o
&3 ®
2 O-
(V8 )
=i D C IR >
fri v O
= O
@  ULTIMATE TENSILE STRENGTH
O o- ) 0.2% OF FSET YIELD STRENGTH
O- A %ELONGATION (IN 2iN.)
200 B % REDUCTION IN AREA
SOLID SYMBOLS ~ W9 TYPE WELDS
OPEN SYMBOLS WITH HORIZONTAL
TAILS — W8 TYPE WELDS
180 |
50
[ ]
20 4)
'- <I
z o- Hw ] =
o~y =
5 | . 5
= ] D)
=z oz
ugJ A 3 A g N <
& A
y | A
0 . } 0
0 2 6

114

8 10
AGING TIME (HR)

FIGURE 63



EFFECT OF AGING TIME AT 900°F ON THE ACROSS-THE-JOINT TENSILE
PROPERTIES OF TYPES W-7,W8 AND W-9 WELDS DEPOSITED IN HEAT-B PLATE
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EFFECT OF AGING TIME AT 950°F ON THE ACROSS-THE- JOINT TENSILE
PROPERTIES OF TYPES W-7, W-8 AND W-9 WELDS DEPOSITED IN HEAT-B PLATE
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3.7.3

3.8

Effects of Welding Procedure and Agi Heat Treatment O
Response of Heat-Affected Regions (Cont'd.)

plate strength, with little loss in ductility.

As previously noted, during the initial stages of the I8Ni-7Co-5Mo
maraging steel investigations at Douglas, a large (48" x 4" x 3/4")
specimen was employed to measure the fracture toughness of the 3/4-

inch thick plate and welds.

Results described in a previous section demonstrated that I8Ni-7Co-
5Mo plate fracture toughness data obtained with 8" x 11/16" x 5/16"
PTC specimens was essentially equivalent to that obtained with 24"

x 3" x 3/4" PTC specimens. Data already presented, demonstrated that
we:dmetal would be expected to behave in a similar manner. This
belief was further confirmed by tests performed on welds deposited

in Heat B plate.

Figure 66 illustrates the specimen orientations used for the determin-
ation of weldmetal fracture toughness of deposits in Heat | plate.
Figure 34 (section 2.9.2) compares results obtained with the two
specimen types in evaluating the fracture toughness of type W2
weldmetal (discussions concerning welding procedures and compositional

effects will be presented in @ later section).

Figure 67 depicts data on types W7 and W8 deposits in Heat B ptate.
In addition to the two specimen orientations empioyed for welds in

Heat | plate, a third orientation was employed. The third specimen



3.9

fect o i
Siress of Weldmetal (Cont'd.)
orientation consisted of a 8-in long, longitudinal, all weldmetal
specimen. This type of specimen had to be machined to a thickness
of 3/!6-inch to assure an all-weldmetal coupon. The plane of the
partial thickness crack is transverse to the longitudinal axis of

symmetry of the weld and perpendicular to the piate surfaces.

The results indicate that rather close correlation exists among the
different specimen sizes and crack orientations. The results obtained
with the nominally 8" x 11/16" x 5/16" PTC specimens, regardiess of
crack orientation, are substantially in agreement with those obtained
with the larger full 3/4=inch thickness spécimens. These results

must be qualified, however, since the ratio of crack length to crack
depth is about the same for the various specimen sizes and orienta-
tions (crack length = 2 /2 to 3 times depth; see Figure 37,

Section 2.9.2). Had this not been the case, such good agreement

would not have been obtained.

As a result of these findings, the small 8" x 11/16" x 5/16" PTC
specimen was employed, almost exclusively, for the remainder of the

weld evaluations conducted in fulfiliment of this contract.

and 1-Hel i Treatment We l u

This section summarizes experimental results concerning the depend-
ence of weldmetal fracture toughness on a variety of welding,

compositional and heat freatment variables. These observations,

19
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PTC SPECIMENS AND CRACK LOCATIONS USED FOR
WELDMETAL FRACTURE TOUGHNESS EVALUATIONS

48" & 24"’ SPECIMENS

8" SPECIMEN

(CRACK PLANE PERPENDICULAR TO
PLATE SURFACES AND COPLANAR
WITH LONGITUDINAL PLANE OF SYMMETRY OF WELD)

FIGURE 66
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. 3.9 Effects of Weld Deposit Chemical Composition, Welding Procedure, And
o Post-Weld Aging Treatment on Weldmetal Fracture Toughness (Cont'd.)
viewed in relationship to the metallurgical observations described
in 3 later section, permit the formulation of an hypothesis relating
the cause of inferior weldmetal toughness to & possible microstructur-~

al invariant.

3.9.1 Welds in Heat | Plate

As may be seen from the tabulated characteristics in Table XI,
Section 3.2, the welding procedures included principally two-pass
MIG deposited welds (about 120,000 joules per inch of weld per weld
pass). However, multipass MIG (about 50,000 joules per inch of

weld per weld per weld pass) and electron beam welds (about 20 joules
per inch of weld) are also included. Figures 68 through 7! illus-
trate typical macrosections of some of the types of welds presented
in Table XI. The differences in gross macrostructure are clearly
evident. The two pass welds (Figures 70 and 71) are characterized
by a pair of intersecting "eyebrows" which demark regions of
partially reverted and retained austenite. The multipass welds
(Figure 69) exhibit a multitude of intersecting "eyebrows", whereas
the electron beam weld (Figure 68) exhibits singie eyebrow paraliel=-

ing each fusion line.

Figure 72 depicts the net-fracture strength characteristics for the
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